A Ni aluminide layer containing Hf was formed on a Ni specimen by the simultaneous electrodeposition of Al and Hf using a molten-salt bath. Al and Hf were only slightly electrodeposited and an electrodeposited layer was not formed when the simultaneous electrodeposition of Al and Hf was tried using molten NaCl-KCl containing 3.5 mol%AlF 3 and 3.5 mol%HfF 4 . On the other hand, an electrodeposited layer consisting of Ni 2 Al 3 and NiAl 3 layers, for which the Al 3 Hf particles were formed on the surface region, was formed, when the simultaneous electrodeposition of Al and Hf was carried out using the molten NaCl-KCl containing 3.5 mol% AlF 3 and 0.05 mol% HfF 4 . The cyclic-oxidation resistance of the Ni specimens covered by the Ni aluminide layer containing the Al 3 Hf particles was evaluated in air at 1423 K. The sample covered with the Ni aluminide containing the Al 3 Hf particles, which was formed using the melt containing 3.5 mol%AlF 3 and 0.05 mol%HfF 4 , showed a high cyclic-oxidation resistance. On this sample after the oxidation test, an adhesive scale having a spiked shape, which consisted of Al 2 O 3 as the outer layer and HfO 2 as the inner layer, was formed.
Introduction
The oxidation resistance of various metallic materials has been improved by the molten salt electrodeposition of Al. [1] [2] [3] For example, a Ni aluminide containing a high concentration of aluminum was coated on Ni by a molten salt electrodeposition technique, and then the oxidation resistance of the Ni coated with the Ni aluminide was remarkably improved. 3) However, for the Al 2 O 3 scale formed on the Ni-aluminide, spallation occurred due to a difference in the thermal expansion coefficient between the Al 2 O 3 and Ni aluminide during thermal cycling. Therefore, the cyclic-oxidation resistance of the Ni coated with the Ni aluminide was poor. 4) It was reported that it was effective to add a small amount of Zr, Hf or rare-earth metal that was the active metal which suppressed the Al 2 O 3 scale spallation, and improvement of the cyclic-oxidation resistance. [5] [6] [7] [8] [9] It was suggested that the suppression of the Al 2 O 3 scale spallation was due to the keyon effect of scale, 5, 6) the void absorption in the scale/metal interface, 7) the change in the growth mechanism of scale, 8) and the improvement of plastic deformation capacity in the scale. 9) We have attempted the improvement of the cyclicoxidation resistance for the Ni coated with the Ni aluminide containing La, 3) Zr 10, 11) or Hf 12) using the molten salt electrodeposition method. As a result, it was clarified that the Ni aluminide surface layer containing small amounts of Hf formed by the Hf-deposition, subsequently treated with the Ni-deposition, followed by Al-deposition had an improved cyclic oxidation resistance of the surface layer.
12) It was observed that an adhesive Al 2 O 3 scale having a spiked shape was formed on the surface layer after the oxidation test. However, this technique has a problem such that three electrodeposition processes need to be carried out. In this study, therefore, in order to simplify the coating process, the simultaneous electrodeposition of Al and Hf was attempted. Thus, we tried to perform the simultaneous electrodeposition of Al and Hf on Ni using molten NaCl-KCl containing AlF 3 and HfF 4 as the electrolyte for preparing the Ni aluminide layer containing small amounts of Hf. For the sample coated with this Ni-aluminide layer, the cyclic-oxidation resistance was examined in air at 1423 K.
Experiment
A 10 Â 10 Â 1:0 mm test piece was cut from Ni stock to serve as the cathode substrate. The sample surface was polished with #800 SiC paper and then ultrasonically washed in acetone. A 0.5 mm diameter platinum wire was connected to the cathode sample as the lead wire. In this case, no covering material was applied to the cathode sample. As a result, the entire surface of the sample was immersed in the molten salt. A 6 Â 50 mm graphite rod was employed as the anodic counter electrode. The electrolytic bath was an equimolar NaCl-KCl melt containing 3.5 mol%AlF 3 for the electrodeposition of Al. The electrolytic baths used for the simultaneous electrodeposition of Al and Hf were equimolar NaCl-KCl melts containing 3.5 mol%AlF 3 and 0.05, 0.1 or 3.5 mol%HfF 4 . The NaCl, KCl, AlF 3 and HfF 4 were prepared from reagent-grade chemicals. NaCl and KCl were vacuumdried for 86.4 ks at 543 K prior to mixing.
The device was used for the electrolysis cell has already been described.
1) The cell container was an alumina crucible (35 mm internal diameter, 158 mm height) held in a quartz tube (63 mm external diameter, 300 mm height) set in a vertical electric furnace. The mixed salt was placed in the cell container equipped with a reference electrode and a protective sheath for the thermocouple, and then it was heated in the furnace. When the salt melted and the temperature reached the prescribed level, the specimen electrode and counter electrode were immersed in the molten salt. Prior to the * Undergraduate Student, Akita University heating, high-purity Ar gas was introduced into the cell to make the environment inert. During the heating and the electrodeposition experiment, Ar gas was fed into the cell at the flow rate of 3:3 Â 10 À6 m 3 Ás À1 . The reference electrode was an Ag wire immersed in an NaCl-KCl-AgCl (45 : 45 : 10 mol%) mixture held in a mullite tube (6 mm external diameter, 500 mm length). The electrodeposition experiment was potentiostatically conducted for 1.2 ks at À1:8 V, at which the reductive reactions of both the Al and Hf ions occurred. 1, 12) After the electrodeposition, the specimen was removed from the cell and its surface was washed to remove the salt from the molten salt bath adhering to it. The specimen's cross-section was inspected by scanning electrone microscopy (SEM) and electron probe microanalysis (EPMA), and the deposited layer was identified by XRD (X-ray diffraction; CuK radiation).
The cyclic-oxidation resistance of the Ni specimen after the electrodeposition treatment was evaluated by measuring the oxidation weight gain curve in air at 1423 K. For the cyclic-oxidation test, the time of one cycle was 3.6 ks. Figure 1 shows the cross-sectional micrograph and concentration profiles of the Ni specimen after the Al deposition in an NaCl-KCl-3.5 mol%AlF 3 melt without HfF 4 . An electrodeposited layer of 50 mm thickness adhering tightly to the substrate was observed. The electrodeposited layer consisted of Ni 2 Al 3 and NiAl 3 layers. It is postulated that the layer was formed by the mutual diffusion of the deposited liquid Al and Ni substrate during the Al electrodeposition at 1023 K. Figure 2 shows cross-sectional micrograph and concentration profiles of the Ni specimen after the simultaneous deposition of the Al and Hf in an NaCl-KCl-3.5 mol%AlF 3 -3.5 mol%HfF 4 melt. The formation of a very thin electrodeposited layer was observed on the surface of the Ni substrate. It is postulated that the formation of the thin electrodeposited layer resulted from the fact that HfF 4 prevented the reduction reaction of the Al ion because the amount of the HfF 4 added to the bath was high. Therefore, the additive amount of HfF 4 decreased and then the simultaneous electrodeposition of Al and Hf was carried out. Figure 3 shows cross-sectional micrograph and concentration profiles of the Ni specimen after the simultaneous electrodeposition of Al and Hf in an NaCl-KCl-3.5 mol% AlF 3 -0.1 mol% HfF 4 melt. The electrodeposited layer was formed on the Ni substrate in the order of Ni 2 Al 3 , NiAl 3 and Al layers. Particles of the precipitate that appeared white in the NiAl 3 and Al layers were observed. These particles were identified as Al 3 Hf from the point analysis by EPMA and the X-ray diffraction analysis. Moreover, particles of the precipitate were locally formed in the surface region of the deposited layer. The condensates consisting of these particles were uniformly formed on the sample surface at 50$100 mm intervals. The reason for the fact that the Al 3 Hf particle locally condensed has not become apparent. We will study this reason using the relationship between the nucleation rate and growth rate of the particle which will be obtainted during its electrodeposition experiments. It was found from the observation of the change in the deposited layer form with the deposition time that the electrodeposition layer changed in the following order; (1) the formation and growth of the Ni 2 Al 3 layer, (2) the formation of the NiAl 3 surface layer on the Ni 2 Al 3 layer, and (3) the formation of the Al 3 Hf particle in the NiAl 3 surface layer. Therefore, it is considered that the formation of the Al 3 Hf particle occurred in the later electrodeposition process, and as a result, the Al 3 Hf particles were contained in the surface layer. It is suggested that the formation of the Al 3 Hf particle which occurred in the later electrodeposition process was due to the following reasons. In the later electrodeposition process, the Al ion concentration decreased near the electrode surface by the concentration polarization of Al ions, and the mass of Al electrodeposit deceased. This is understood from a decrease in the cathodic current density with the electrodeposition time. It is considered that as the reaction of Al electrodeposition due to the reduction of Al ion and the reaction of Hf electrodepositon due to the reduction of Hf ion were competing reactions, the reaction rate of the Hf electrodeposition inceased due to the decease in the reaction rate of the Al electrodeposition. Therefore, the Hf electrodeposition occurred in the later electrodeposition with a decease in the electrodeposition rate of Al. The electrodeposited Hf reacted with Al in the electrode surface to form Al 3 Hf. Therefore, the Al 3 Hf particle was formed in the surface region. Futher investigation is required to understand the enrichment of Hf in the surface layer. Figure 4 shows cross-sectional micrograph and concentration profiles of the Ni specimen after the simultaneous deposition of Al and Hf in an NaCl-KCl-3.5 mol% AlF 3 -0.05 mol% HfF 4 melt. The deposited layer was formed on the Ni substrate in the order of the Ni 2 Al 3 and NiAl 3 layers, and particles of the precipitate were observed in the NiAl 3 layer. These particles were identified as Al 3 Hf, as well as the sample that was formed in the melt with 0.1 mol% HfF 4 (Fig. 3) . Moreover, it was found that the amount of the Al 3 Hf particles formed in the melt with 0.05 mol%HfF 4 was less than that formed in the melt with 0.1 mol% HfF 4 . It was also found that the Al 3 Hf particles were uniformly distributed in the surface region of the NiAl 3 layer. Upon comparing the photograph of Fig. 1 with that of Fig. 4 , it was found that the Ni aluminide layer formed in the molten salt containing 0.05 mol%HfF 4 was thicker than that formed in the molten salt no containing HfF 4 . This reason is considered as follows. The microstructure of the surface region of the electrodeposition layer formed in the molten salt containing 0.05 mol%HfF 4 was different from that formed in the molten salt containing no HfF 4 . That is, the surface layer formed in the molten salt containing no HfF 4 was a monophase of NiAl 3 , whereas the surface layer formed in the molten salt containing 0.05 mol%HfF 4 was a mix phase of NiAl 3 and Al 3 Hf. It is theorized that the Ni aluminide-electrodeposition layer formed in the molten salt containing 0.05 mol%HfF 4 was thicker than that formed in the molten salt containing no HfF 4 , because the diffusion of Al in the mix phase of NiAl 3 and Al 3 Hf may be faster than that in the monophase of NiAl 3 .
Results and Discussion

Morphology and chemical composition of coating layer
As already mentioned, it has been observed that the Ni aluminide layer, which contained a small amount of Al 3 Hf particles in the surface region was formed when the deposited layer was formed in the NaCl-KCl melt with a small amount of HfF 4 , such as 0.05 mol%. Figure 5 shows the results of the cyclic-oxidation test at 1423 K in air for the specimens undergoing the Al and Hf depositions, which are shown in Fig. 2, Fig. 3 and Fig. 4 . For comparison, these figures contain the results of the specimen with no treatment and the specimen treated with only the Al deposition (0 mol%HfF 4 ). For the non-treated specimen, the mass gain mostly increased with time. For the specimen treated with only the Al deposition (0 mol%HfF 4 ), the mass gain decreased after about 30 cycles. For the specimen treated in the melt containing 3.5 mol% HfF 4 , the mass gain significantly decreased during the first stage of the oxidation cycle. On the other hand, the sample treated in the melt with 0.1 mol%HfF 4 showed a significant mass gain up to about ten cycles, and then the mass gain gradually increased after ten cycles. For the sample treated in the melt with 0.05 mol%HfF 4 , no significant change in the mass gain was observed. This suggests that this sample had a high cyclicoxidation resistance. Figure 6 (a) shows cross-sectional micrographs for the specimen treated by only the Al deposition (0 mol%HfF 4 ) after the cyclic oxidation for 100 cycles. The upper low magnification photograph is shown, and that of the high magnification one is below it. It was observed that a thin, uniform scale was formed on the specimen. This scale was formed in the order of Al 2 O 3 and NiAl 2 O 4 from the metal side. NiO was partially formed on part of the surface. These oxides were identified by the EPMA and XRD analyses. In addition, a crack was observed at the interface between the substrate and the scale. This result showed that the adhesion of the scale was bad. It is postulated that the mass gain for the specimen treated by only Al deposition decreased after about 30 cycles (Fig. 3) was attributed to the fact that spalling of the scale occurred due to the bad adhesion of the scale. A few voids were observed in the interface region between the coating layer and the Ni substrate. It is suggested that the formation of the voids was attributed to the diffusion of Al into the Ni substrate from the Ni-aluminide layer. These oxides were identified by the EPMA and XRD analyses. It was observed that the HfO 2 scale locally penetrated into the substrate. This indicates that the adhesion of the scale to the substrate was excellent. Moreover, no NiO scale was observed on this sample. Figure 6 (c) shows the cross-sectional micrograph for the specimen treated by the simultaneaus deposition of Al and Hf in the melt with 3.5 mol%AlF 3 -0.1 mol%HfF 4 after the cyclic oxidation for 100 cycles. The scale was thicker when compared to the other samples, and the scale thickness was typically about 40 mm. The scale consisted of HfO 2 and Al 2 O 3 . For the part where the scale was thick, the scale mainly consisted of HfO 2 . It is suggested that the mass gain increased with the cycle number was attributed to the formation of the locally thick scale. The part where this thick scale was formed corresponded to the part where the Al 3 Hf particle adhered (Fig. 3) . It is considered that the uniform deposition of Al 3 Hf particles is important for the formation of an adherent Al 2 O 3 scale. However, it has become apparent from our study that the addition of a large amount of Hf into the coating layer produced a poor oxidation resistance due to an increase in the Hf oxide.
Cyclic-oxidation resistance of specimens with coating
In order to examine the Al concentration in the coating under the scale after the cyclic oxidation test, a line analysis of the samples shown in Figs. 6(a) and (b) was carried out. These results are shown in Figs. 7 and 8 . For the sample with only the Al deposition, the Al concentration in the substrate was about 20 at% (Fig. 7) . Before the oxidation test, the concentration of Al in the surface region of the deposited layer for the sample treated by only the Al deposition was about 75 at% (Fig. 1) . Therefore, the concentration of Al in the surface region of the deposited layer significantly decreased after the oxidation test. It is theorized that this result was attributed to the fact that the inner diffusion of Al from the deposited layer to the substrate occurred and aluminum under the scale was consumed due to the spalling and reproducing of the Al 2 O 3 scale. On the other hand, for the sample treated by the simultaneous Hf and Al depositions (Fig. 8) , the concentration of Al in the coating layer was maintained at about 25 at%. That is, the coating layer consisting of Ni 2 Al 3 and NiAl 3 changed to that consisting of Ni 3 Al during the oxidation test. The fact that the Al concentration under the scale for this sample was higher than that for the sample shown in Fig. 7 may be due to the fact that spalling of the scale for this sample was suppressed and the consumption of Al in the metal under the scale was also suppressed.
The scale morphology of the initial oxidation for the sample treated by the simultaneous Hf and Al depositions in the melt containing 3.5 mol%AlF 3 and 0.05 mol%HfF 4 , which showed the highest cyclic oxidation resistance of all the samples, was examined. Figure 9 shows the cross-section and the result of the line analysis of this sample after the cyclic oxidation for one cycle. A thin scale consisting of Al 2 O 3 was already formed on the sample. In addition, below the scale, a layer which looks white was formed. The point analysis showed that this layer consisted of the Hf-Al-Ni alloy containing 11.74 at%Hf, 51.52 at%Al and 36.74 at%Ni. It is thought that the Al 3 Hf particles (Fig. 4) , which had been formed before the oxidation test, caused a mutual diffusion with Ni from the Ni aluminide around the particle, and as a result, this white layer consisting of the Hf-Ni-Al alloy was formed. It is considered that the Al 2 O 3 scale preferentially formed because the area rate of the surface of NiAl 3 was greater than that of Al 3 Hf. The coating layer was changed to that consisting of three layers, in which the Al concentration was different in each layer. The surface layer contained about 50 at% Al, the midde layer contained about 40 at%Al, and the inner layer contained 40$10 at%Al. This decrease in the Al concentration in the coating seems to originate from the fact that Al diffused from the coating layer into the Ni substrate during the oxidation test. It is thought that the fact that the scale formed on this sample after the oxidation for 100 cycles consisted of Al 2 O 3 as the outer layer and HfO 2 as the inner layer ( Fig. 6(b) ) resulted from the fact that during the first stage of the oxidation, an Al 2 O 3 scale was formed, then Hf in the Hf-Al-Ni alloy layer below the Al 2 O 3 scale was oxidized to form HfO 2 below the Al 2 O 3 scale. The cyclic-oxidation resistance seems to be improved due to the fact that the Al 3 Hf particle was uniformly formed in the surface region of the coating layer by the simultaneous electrodeposition of Al and Hf, prior to the formation of the HfO 2 layer having a spiked shape after the formation of the Al 2 O 3 scale.
Conclusions
A Ni aluminide layer containing Hf was formed on a Ni specimen by the simultaneous electrodeposition of Al and Hf using a molten-salt bath. The cyclic-oxidation resistance of the Ni covered with the Ni aluminide containing Hf was evaluated in air at 1423 K. The following conclusions were developed. (1) Al and Hf were only slightly electrodeposited and no electrodeposited layer was formed when the simultaneous electrodeposition of Al and Hf was attempted using molten NaCl-KCl containing 3.5 mol%AlF 3 and 3.5 mol%HfF 4 . On the other hand, the electrodeposited layer consisting of a Ni 2 Al 3 layer as the inner layer and NiAl 3 layer as the outer layer, for which Al 3 Hf particles were formed in the surface region, when the simultaneous electrodeposition of Al and Hf was carried out using the molten NaCl-KCl containing 3.5 mol%AlF 3 and 0.05 mol%HfF 4 .
(2) The sample covered with the Ni aluminide containing the Al 3 Hf particles, which was formed using the melt containing 3.5 mol%AlF 3 and 0.05 mol%HfF 4 , showed a high cyclicoxidation resistance. (3) On the sample covered with Ni aluminide containing the Al 3 Hf particles after the oxidation test, an adhesive scale having a spiked shape, which consisted of Al 2 O 3 as the outer layer and HfO 2 as the inner layer, was formed. 
